Astrocytes are critically important for neuronal circuit assembly and function. Mammalian protoplasmic astrocytes develop a dense ramified meshwork of cellular processes to form intimate contacts with neuronal cell bodies, neurites, and synapses. This close neuron-glia morphological relationship is essential for astrocyte function, but it remains unclear how astrocytes establish their intricate morphology, organize spatial domains, and associate with neurons and synapses in vivo. Here we characterize a Drosophila glial subtype that shows striking morphological and functional similarities to mammalian astrocytes. We demonstrate that the Fibroblast growth factor (FGF) receptor Heartless autonomously controls astrocyte membrane growth, and the FGFs Pyramus and Thisbe direct astrocyte processes to ramify specifically in CNS synaptic regions. We further show that the shape and size of individual astrocytes are dynamically sculpted through inhibitory or competitive astrocyte-astrocyte interactions and Heartless FGF signaling. Our data identify FGF signaling through Heartless as a key regulator of astrocyte morphological elaboration in vivo.
INTRODUCTION
Astrocytes are among the most abundant cell types in the mammalian CNS and fulfill diverse functions in brain development and physiology. In the mature brain, astrocytes buffer ions and pH, metabolically support neurons, and clear neurotransmitters (Kimelberg and Nedergaard, 2010) . Astrocytes can sense neuronal activity, react with transient increases of intracellular calcium ion concentration, and in turn modulate neuronal activity (Perea and Araque, 2010) . The diverse homeostatic and modulatory roles for astrocytes are essential for neuronal function, and evidence is mounting that this tight physiological relationship between astrocytes and neurons is highly regulated and provides astrocytes with the capacity to exert powerful and dynamic control over neuronal circuits.
Astrocytic functions are critically dependent on the intimate spatial relationship between astrocytes and neurons, and accordingly astrocytes exhibit a highly ramified morphology. Primary cellular extensions radiate from the soma of gray matter astrocytes, which then branch into hundreds of increasingly finer cellular processes, ultimately forming a dense meshwork in the brain that associates closely with synapses, neuronal cell bodies, and the brain vasculature. Intriguingly, individual mature mammalian astrocytes occupy unique spatial domains within the brain, apparently ''tiling'' through a mechanism akin to dendritic tiling, such that the processes of neighboring astrocytes exhibit very limited overlap (Bushong et al., 2002 (Bushong et al., , 2004 Ogata and Kosaka, 2002) . Whether these unique spatial domains are functionally important remains a point of speculation.
Despite recent advances in understanding the molecular basis of astrocyte fate specification, control of synapse formation, and neuronal signaling, pathways regulating astrocyte morphogenesis in vivo remain poorly understood . While there appears to be a spatial restriction of astrocyte subtypes to particular regions of the vertebrate CNS (Hochstim et al., 2008; Tsai et al., 2012) , it is not clear whether astrocytes selectively associate with predetermined subsets of neurons. The morphology of individual mammalian astrocytes is quite variable, suggesting that sculpting of their morphology may be stochastic and shaped by cell-cell interactions (Bushong et al., 2002 (Bushong et al., , 2004 .
In this study, we characterize a glial cell type in Drosophila remarkably similar to mammalian protoplasmic astrocytes. We show that Drosophila astrocytes dynamically and progressively invade the synaptic neuropil late in embryonic development, associate closely with synapses throughout the CNS, and tile with one another to establish unique spatial domains. We identify the Heartless FGF receptor signaling pathway as a key mediator of astrocyte outgrowth into synaptic regions and the size of individual astrocytes. Through ablation studies, we demonstrate that individual astrocytes have a remarkable potential for growth, and the establishment of astrocyte spatial domains is mediated by astrocyte-astrocyte inhibitory and/or competitive interactions. Our work provides insights into cell-cell interactions governing astrocyte growth in vivo and demonstrates that the requirement for astrocytes is an ancient feature of the nervous system of complex metazoans.
RESULTS
Drosophila Astrocytes Densely Infiltrate the Neuropil, Are Highly Polarized, and Exhibit Tiling Behavior We, and others (Awasaki et al., 2008) , recently described a novel astrocyte-like subtype in the synapse-rich neuropil of the adult Drosophila brain (Doherty et al., 2009) . To explore these cells in greater detail, we turned to the larval ventral nerve cord (VNC). Astrocytes were labeled by the alrm-Gal4 driver, expressed the glial marker Repo (data not shown), and were organized in a semistereotyped pattern in the third-instar larval (L3) VNC. We found five to six Alrm + glia per hemisegment that were typically organized into: a dorsomedial group (three cells), a dorsolateral group (two cells), and a single uniquely identifiable ventrally positioned cell (Figures 1A and 1B) . Expression of UAS-CD8-GFP using alrm-Gal4 revealed that Alrm + glia densely infiltrate the entire synaptic neuropil, while their cellular processes are absent from the surrounding cell cortex, which houses neuronal cell bodies ( Figure 1C ). Analysis of single-cell Mosaic analysis with a repressible cell marker (MARCM) clones (Lee and Luo, 1999) in L3 animals revealed that astrocytes have remarkable morphological similarities to mammalian protoplasmic astrocytes (Bushong et al., 2002; Ogata and Kosaka, 2002) . Several main branches emanated from the cell body and then branched into a dense, ramified meshwork of processes ( Figures  1D-1F ). Individual Alrm + glia generally occupied regions of the neuropil close to their cell bodies, but the size and shape of these domains varied quite strikingly .
To analyze the cytoskeletal organization of the astrocytes, we coexpressed the membrane marker mCD8-Cherry together with GFP-tagged cytoskeletal markers using alrm-Gal4. Actin42A-GFP was distributed with mCD8-Cherry into fine processes (Figures S1C and S1D) . Tau-GFP, a microtubule-binding protein, preferentially labeled cell bodies and main astrocytic branches ( Figure S1E ). The microtubule (MT) minus-end marker Nod-GFP was largely restricted to the cell body and proximal main branches ( Figure S1G ), while the plus-end-directed MT motor Khc-GFP accumulated in fine processes ( Figure S1F ). These data suggest astrocyte fine processes are actin-rich, and the MT cytoskeleton of astrocytes is oriented with a bias of plus ends away from cell bodies.
To analyze the interface between adjacent astrocytes, we labeled astrocytes with either GFP or RFP using a FLP-out strategy (see Figure S4A ). We found individual astrocytes occupied largely separate territories with only limited overlap with neighbors. While occasionally single astroglial branches of up to 20-30 mm extended into neighboring territories, the core zone of overlap at cell-cell borders was typically small (0-5 mm; Figures 1G-1I ).
Drosophila Astrocytes Associate Closely with Synapses and Are Critical Regulators of GABA Signaling We sought to determine whether fly astrocytes were in close proximity to synapses and might play a role in the clearance of g-aminobutyric acid (GABA), as is the case with mammalian protoplasmic astrocytes (Danbolt, 2001; Schousboe et al., 2004) . CG1732 (Gat) encodes the sole SLC6-family GABA transporter encoded in the Drosophila genome (Neckameyer and Cooper, 1998; Thimgan et al., 2006) . We generated an antibody directed against a C-terminal peptide of Gat and found that Gat was exclusively expressed in astrocytes in embryos, larvae, pupae, and adults, with anti-Gat antibody labeling the entire membrane surface of astrocytes (e.g., Figures 2A, 2B , and 3B-3J and data not shown). We confirmed the specificity to Gat in gat null homozygous embryos and larvae expressing astrocyte-specific gat RNAi (see below).
To explore the astrocyte-synapse relationship, we first immunolabeled L3 ventral nerve cords with anti-Gat antibody and the presynaptic active zone marker anti-Bruchpilot (Brp; Figures 2A  and 2B ). Gat + glial processes were found in close apposition to synaptic profiles (Figures 2A and 2B) . We next performed transmission electron microscopy (TEM) on the L3 ventral nerve cord. We tentatively identified astrocyte processes by their electrondense cytoplasm and determined their average occupancy of the neuropil and the distance from the closest synapse (Figures 2C and 2D) . Drosophila astrocytes covered 4.61% ± 1.47% ± SD of the total area in each field of view ( Figure S2B ), and the average synapse-glial process distance was 0.88 ± 0.66 mm ± SD and was somewhat variable ( Figure 2D ). Individual synapses did not seem to be wrapped by glial membranes, and we did not detect an obvious correlation of synaptic density and glial coverage ( Figures S2A-S2C ).
To determine whether astrocytes were positioned to detect synaptically released neurotransmitters, we used the fluorescent extracellular glutamate reporter iGluSnFR (Marvin et al., 2013) . In intact L1 larvae expressing UAS-iGluSnFR in neurons using elavGal4, we observed spontaneous, local bursts of fluorescence in the neuropil and coordinated waves of activity running along the anterioposterior axis associated with larval crawling (Movie S1). Expression of iGluSnFR on astrocyte membranes using alrmGal4 revealed very similar patterns of activation in the neuropil (Movie S2). Thus, Drosophila astroglial membranes are sufficiently close to glutamatergic synapses to detect dynamic changes in glutamate release with iGluSnFR and are positioned to clear neurotransmitters from synapses.
To explore Gat function, we generated a deficiency deleting 64 kb of genomic DNA including the gat gene (Df(4)gat D64kb ; Figure S2D ). Animals homozygous for Df(4)gat D64kb died as embryos, with grossly normal CNS and astrocyte morphology ( Figures S3A-S3D) , and anti-Gat immunoreactivity was lost from astrocytes ( Figure S3B 0 , S3D, and S3F). Embryonic lethality of Df(4)gat D64kb was rescued to larval lethality by resupplying two genomic constructs that only had the gat gene in common (Figures S2D and S2G) . We next generated a gat mutant using a transcription activator-like effector nuclease (TALEN) approach.
We (Beckervordersandforth et al., 2008; Jacobs et al., 1989; Schmidt et al., 1997) . Six of these nine longitudinal glia are genetically distinct (Beckervordersandforth et al., 2008; Thomas and van Meyel, 2007) , activate expression of Gat, and ultimately differentiate into astrocytes (see below). We followed the development of astrocytes by live imaging of arlm-Gal4/UAS-CD8-GFP (Movies S5, S6, and S7). However, alrm-Gal4 is initially expressed in all longitudinal glia before resolving into primarily astrocytes (data not shown), so we also assayed astrocyte CNS infiltration using anti-Gat immunoreactivity in fixed preparations ( Figures 3B-3E ). By late stage 16, six Gat + , ellipsoidal, immature astrocytes were found positioned on the dorsal surface of the neuropil in each hemisegment. Glial processes next extended along the surface of the neuropil-at this time one of the six Gat + cell bodies began to migrate ventrally, and astroglial processes eventually surrounded the neuropil (Movie S5; Figure 3B ). Astroglial projections next (D) Quantification of the distance from a synapse to the next glial process. Scatterplot with mean and SD representing error bars are shown (n = 498).
(E-E 00 ) a-Gat (blue) colabels alrm-Gal4 UAS-CD8-GFP (green)-positive astrocytes, and the synaptic neuropil is labeled by a-Brp (red).
(F-F 00 ) Knockdown of Gat in astrocytes with alrm-Gal4 UAS-CD8-GFP UAS-gat RNAi shows the specificity of the a-Gat antibody.
(G) Western blot analysis of Gat knockdown with alrm-Gal4 by RNAi in L3 larval CNS extracts. GD, UAS-gat-RNAi
(H) Quantification of Gat levels in western blots normalized to LaminC signal and to the control lane (n = 3). (I) Quantification of locomotion defects in alrm-Gal4 UAS-CD8-GFP UAS-gat
RNAi animals compared to control animals (alrm-Gal4 UAS-CD8-GFP / +). Control: n = 11; gat
RNAi
: GD: n = 20; KK: n = 10; JF: n = 10; ***p < 0.0001. Error bars in (H and I) represent SEM. Scale bars represent 25 mm in (A) and (E), 2 mm in (B), and 1 mm in (C). See also Figure S2 and Movies S1, S2, S3, S4, and S8. (B-J 000 ) Astrocytes are labeled by a-Gat antibody (red) and the neuropil by a-Brp (green).
(B-E 000 ) Wild-type progression of astrocyte infiltration of the neuropil during the last hours of embryogenesis. Wild-type embryos hatch at 21 hr of development. Figure 3L ). Most strikingly, htl AB42 mutants exhibited a severe loss of astrocytic infiltration into the neuropil (Figures 3F, 3G, and 3K). We scored infiltration phenotypes on a scale from 0, no or minimal infiltrating processes, to 5, full infiltration at end of embryogenesis based on density of infiltration, evenness of infiltration, and thickness of processes ( Figure 3K ). Pyramus (Pyr) and Thisbe (Ths) are the only known FGFs activating Htl in Drosophila (Kadam et al., 2009; Klingseisen et al., 2009; Stathopoulos et al., 2004) . Interestingly, Df(2R)BSC25, which deletes pyr and ths, phenocopied the htl AB42 mutant phenotype: glial infiltration was severely impaired, and the ventral-most astrocytic glial cell did not migrate to its normal position ( Figures 3H, 3K , and 3L). We analyzed pyr and ths single mutants to determine the contribution of each of the ligands to astrocyte development. pyr S0439 /pyr S3547 (a strong hypomorphic combination) or the null mutant pyr 18 showed no or only a very mild infiltration phenotype and a mild defect in the migration of ventral astrocytes ( Figure 3I , 3K, and 3L). In contrast, ths alleles such as Df(2R)ths 238 and ths 759 exhibited weak but clear defects in infiltration ( Figures 3J and 3K ) and ventral cell migration (Figure 3L ). These observations argue that the FGFs Pyr and Ths function redundantly in promoting astrocyte growth, with Ths probably playing a more prominent role.
While htl AB42 mutants showed a severe reduction of astroglial processes infiltrating the neuropil, cell bodies and remaining glial processes surrounding the neuropil did not show obvious morphological signs of apoptosis by the end of embryogenesis (data not shown). Moreover, expressing UAS-P35 (a potent inhibitor of apoptosis) in astrocytes in the htl AB42 mutant background did not rescue astroglial infiltration, nor was the general appearance of astrocytes changed, supporting the notion that the observed defects do not result from apoptotic cell death (Figures 4A, 4B, and 4E) . Together, these data reveal that Pyr/Thsdependent signaling through the FGF receptor Htl controls astrocyte morphogenesis and is critical for the elaboration of astrocytic processes in the synaptic neuropil.
The FGF Receptor Htl Acts Cell Autonomously in Astrocytes
We expressed UAS-htl using alrm-Gal4 in the htl AB42 mutant background ( Figures 4A and 4C ) and observed a strong restoration of astroglial infiltration in the neuropil ( Figures 4C and 4E ). However, proper migration of ventral-most astrocytes was not restored ( Figure 4F ). This may indicate that alrm-Gal4 does not drive expression early enough to rescue cell migration defects. We next generated htl AB42 mutant clones in single astrocytes using MARCM. Compared to control MARCM clones, we found that the processes of htl mutant clones in the L3 VNC were largely restricted to the surface of the neuropil ( Figures 4G and 4H) , and astrocytic domain size was severely reduced ( Figure 4J ). Similar results were found when we generated MARCM clones for downstream of FGF receptor/ Stumps (dof), an adaptor protein essential for FGF receptor signaling ( Figure 4I ) (Imam et al., 1999; Michelson et al., 1998; Vincent et al., 1998) . These data support the notion that Htl signaling is required cell autonomously in astrocytes for their morphogenesis.
The Intensity of Htl Signaling and Cell-Cell Interactions Define Astrocyte Domain Size Based on the reduced volume of htl mutant MARCM clones, we speculated that the intensity of FGF signaling via Htl might dictate astrocyte size. To directly test this idea, we manipulated Htl signaling strength in single cells (see Figure S4B ). Clonal expression of htl RNAi in astrocytes reduced cell body size and infiltration volume compared to controls (htl-RNAi: 3,261 ± 1,036 mm 3 ± SD; ctrl: 5,499 ± 2,081 mm 3 ± SD; Figures 4K and S4G-S4I). Reciprocally, clonal overactivation of the Htl signaling pathway by expression of the constitutively active l-Htl protein resulted in a cell-autonomous increase in astrocyte domain volume (l-htl: 8,287 ± 2,366 mm 3 ± SD; Figures 4K and S4J-S4L).
Therefore, the intensity of FGF signaling can directly modulate astrocyte size. The stochastic nature of astrocyte morphology suggests dynamic cell-cell interactions might sculpt astrocyte domains. To test this possibility, we performed ablations of astrocytes by expressing the proapoptotic factors Head involution defective (Hid) or Reaper. Expression of Hid led to embryonic to early larval lethality (data not shown), arguing that Drosophila astrocytes are essential for animal survival. Expression of Reaper resulted in only a partial ablation of astrocytes. These animals survived to late larval stages and to a lesser degree even to adulthood, with typically less than 2%-4% of the 170 Alrm + astrocytes in the entire L3 larval CNS surviving. Such larvae were severely uncoordinated and exhibited a pronounced reduction in larval motility ( Figure 5F ). It therefore appears that even a very small number of astrocytes are sufficient for larval survival, although normal behavioral output requires significant coverage of the CNS neuropil by astrocytes.
Many surviving isolated astrocytes demonstrated a remarkable capacity for growth: individual cells generated a meshwork of processes over a much greater area of the CNS (1,623.0 ± 814.6 mm 2 ± SD) compared to controls clones (843.8 ± 411.4 mm 2 ± SD; Figure 5E ), often spanning several segments ( Figures 5A-5D ). When we performed genetic ablations and labeled individual cells using the repoFLP UAS-CD8 > GFP > RFP approach, we observed normal tiling behavior whenever two astrocytes came in contact with one another ( Figure S5A ; n = 13), although they exhibited similar levels of overgrowth Figure S4 . Note that in (K) only clones in abdominal segments were analyzed and that average domain size in wild-type is smaller in abdominal segments compared to thoracic segments ( Figure S1B ).
compared to astrocytes growing in isolation (see Figures 5C  and 5D ). Finally, to exclude the possibility that the expression of proapoptotic factors was causing overgrowth, we used an alternative genetic strategy that led to the elimination of Gal4 in surviving cells. Briefly, we generated an alrm > Gal4 > lexA::GAD construct ( Figure S4C ). Without Flippase activity, Gal4 is expressed under the control of the alrm promoter, but upon Flippase activity the Gal4 coding sequence is excised and the lexA::GAD transcriptional activator (Lai and Lee, 2006 ) is expressed. In combination with a heatshock inducible Flippase, this approach allowed us to control expression of the apoptosis-inducing factor Hid in most of the astrocytes but ''rescue'' cells by the early excision of Gal4. Using this approach, we were able to accomplish ablation of 73.4% ± 7.7% ± SD (n = 4) of all astrocytes in the VNC. Surviving cells (non-Hid-expressing cells) were able to compensate to a high degree: while few regions in the neuropil were not or only poorly covered (data not shown), astroglial processes were generally found throughout the neuropil ( Figure S5B) .
Astrocytes thus have a striking intrinsic growth potential that is normally terminated by inhibitory interactions with neighboring astrocytes or competition among astrocytes for growth factors within the neuropil. We propose this compensatory growth behavior underlies the ability of astrocytic processes to reliably cover the entire synaptic neuropil in wild-type animals.
Pyr and Ths Can Provide Spatial Cues to Direct Process Outgrowth of Astrocytes
To determine the source of the FGF ligands Pyr and Ths during astrocytes morphogenesis, we performed fluorescent RNA in situ hybridizations with pyr and ths antisense probes. The ths probe labeled specific subsets of a small number of Reponegative (i.e., nonglial) cells from embryonic stage 13 onward ( Figures S6A-S6E ), becoming broader and less specific in older embryos ( Figure S6E ). The pyr probe exhibited broad and less specific signal in the CNS (data not shown). Consistent with a neuronal source of FGF ligands, rescue experiments using the panneuronal driver elav-Gal4 or glutamatergic driver OK371-Gal4 in the Df(2R)BSC25 mutant background ( Figures  6A-6D ) resulted in a clear but partial rescue of astroglial infiltration; however, migration of ventral astrocytes was not restored ( Figure 6E ).
To assay for differences in the signaling abilities of Pyr or Ths, we limited their expression to single neurons using a RN2-FLP, Tub84B-FRT-CD2-FRT-GAL4, UAS-CD8-GFP chromosome (Ou et al., 2008) in a Df(2R)BSC25 mutant background. Briefly, this mosaic approach allows us to resupply Pyr or Ths in single cells in a background lacking both ligands and assay astroglial growth with respect to GFP-labeled neurons. Pyr expression from a single neuron failed to rescue astroglial process outgrowth (0% rescue of Pyr expressing cells, n = 142 cells; Figures 6F and 6H) . However, expression of Ths in single neurons resulted in robust rescue of astrocyte infiltration even some distance beyond the volume covered by Ths + neurites ( Figures 6G and 6I ). Thus, under these conditions Pyr and Ths differ in their abilities to stimulate astrocytic outgrowth. Does Htl signaling provide directional cues for astrocyte processes, or is it permissive? We expressed l-Htl, a ligand-independent activated version of Htl in astrocytes in an htl AB42 mutant background. We found l-Htl partially rescued astroglial infiltration defects ( Figure 4D ), although not as strongly as with wild-type Htl (Figures 4C-4E ). This observation argued that Htl signaling is largely permissive. Nevertheless, we then ectopically expressed Pyr or Ths in subperineurial and nerve root glia that line the surface of the CNS and nerve root (but do not extend processes into the neuropil) using Mz97-Gal4 in the Df(2R)BSC25 
Astrocytic Reaper expression (alrm-Gal4 UAS-CD8GFP UAS-reaper) induces widespread ablation of astrocytes (C and D). Surviving astrocytes can exhibit striking cell growth (C), while some survivors show less growth and clearly aberrant morphology potentially due to effects of Reaper still being expressed (D). Note that low-level expression of alrm-Gal4 UAS-CD8-GFP in ensheathing and nerve root glia seems unaffected (asterisks in C and D). Scale bar represents 25 mm in (A)-(D). (E) Quantification of projected area of astrocytes of control MARCM clones and surviving cells in alrm-Gal4 UAS-CD8-GFP UAS-reaper ablations. Control: n = 54;
reaper n = 29; ***p < 0.001 and the associated locomotion defects in L3 larvae (F), control: n = 22; reaper: n = 33; ***p < 0.001. All error bars represent SEM. See also Figure S5 . (legend continued on next page) mutant background and assayed astrocyte growth ( Figure 7A ). Consistent with a permissive role for the Htl signaling pathway, ectopic expression of these ligands led to partial rescue of astroglial infiltration of the neuropil ( Figures 7C, 7D , and 7G). However, we also observed ectopic astroglial projections along the dorsal CNS surface and nerves ( Figures 7E and 7F ), and astroglial cell bodies displaced to dorsal and lateral positions ( Figures 7E,  7F , and 7I-7K). Based on the above data, we conclude that Pyr and Ths are able to act at a distance to signal to developing astrocytes, as directional chemoattractants for both the migration of cell bodies and outgrowth of astroglial processes, and that the two FGFs differ in their properties in how they do so. How do Pyr or Ths act at a distance to drive astrocyte processes into the neuropil? Heparan sulfate proteoglycans (HSPGs) are critically important for concentrating FGF ligands for efficient signaling through FGFRs. The Drosophila HSPG Syndecan (Sdc) is highly enriched in the neuropil ( Figure S7G ) (Johnson et al., 2004) . We ectopically expressed UAS-sdc-GFP with Mz97-Gal4 in a wild-type or a Df(2R)BSC25 heterozygous background (to partially reduce levels of FGF ligands) and analyzed L3 VNCs. In both genotypes, we observed consistent ectopic recruitment of Gat + astrocyte processes to the dorsal surface of the CNS and at least one patch of ectopic processes per VNC (n = 19; Figure S7F 0 ), this was similar to the effect of ectopic Ths, although weaker (n = 3; Figure S7D , arrowheads). Late embryonic sdc 2639 null mutants also exhibited mild infiltration defects ( Figure S7H ) and defects in the migration of ventral astrocytes ( Figure S7I ) and in L3 sdc 2639 or sdc 23 mutants ventral cell counts were reduced compared to wild-type ( Figure S7L ), also similar to ths 759 mutants ( Figures 3K and S7L ). These data support the notion that Syndecan plays a modulatory role in Htl FGF-dependent development of astrocytes, perhaps by concentrating FGFs in the neuropil.
DISCUSSION

Drosophila Astrocytes Are Morphologically and Functionally Similar to Their Mammalian Counterparts
Astrocytes remain a poorly understood cell type in the brain. Their precise in vivo functions in neural circuits are only beginning to be unraveled and their evolutionary origins remain unclear (Hartline, 2011) . The discovery of an astrocyte-like cell type in Drosophila indicates that astrocyte-like cell types are an essential component of even comparatively simple nervous systems. Broader studies of astrocytes in diverse taxa will be required to determine whether Drosophila astrocytes are homologous to mammalian astrocytes in evolutionary terms or represent a remarkable case of convergent evolution. Drosophila astrocytes form a highly ramified and dense meshwork of processes that infiltrate the entire neuropil and associate closely with synapses. This close spatial relationship is reminiscent of the mammalian ''tripartite synapse,'' thought to be critical for neurotransmitter clearance and the modulation of synaptic activity during complex behaviors (Araque et al., 1999) . In the L3 VNC, the majority of synapses were in close proximity to astroglial processes, although not directly ensheathed ( Figures  2C and 2D) . Nevertheless, using the iGluSnFR reporter, we demonstrated that local increases in extracellular glutamate readily reached astrocyte membranes, indicating that they are within the functional range of synapses.
Functional roles of Drosophila astrocytes also appear well conserved when compared to mammals. The glutamate transporter EAAT1 is expressed in Drosophila astrocytes and is essential for coordinated locomotor activity in larvae and prevention of excitotoxicity in the adult (Rival et al., 2004; Stacey et al., 2010) . Here we have demonstrated astrocyte-specific expression the GABA transporter Gat and partial loss of Gat impeded larval locomotion. GABA transporter inhibitors also impair larval coordinated locomotion (Leal et al., 2004; Leal and Neckameyer, 2002; Neckameyer and Cooper, 1998) , and Manduca and Trichoplusia Gat homologs are high-affinity GABA transporters (Gao et al., 1999; Mbungu et al., 1995) , supporting the notion that gat-depleted animals experience disruption of GABA neurotransmitter clearance. Despite apparently normal CNS morphology, gat null animals die as late embryos. Astrocytic Gat is therefore essential for viability, and we propose that Gat plays a central role for astrocyte-mediated GABA clearance even before animal hatching. Ca 2+ microdomain signaling in mammalian astrocytes is emerging as a key mechanism by which astrocytes respond to and regulate neuronal activity (Panatier et al., 2011; Shigetomi et al., 2012) . Drosophila cortex glia, cells closely associated with neuronal cell bodies, also exhibit microdomain Ca 2+ oscillations (Melom and Littleton, 2013) , and glial Ca 2+ signaling events can modulate fly circadian behavior (Ng et al., 2011) and seizure activity (Melom and Littleton, 2013) . Interestingly, we found Drosophila astrocytes exhibit spontaneous, local Ca 2+ transients in vivo (Z. Ma, T.S., and M.R.F., unpublished data) and seem to be coupled with respect to Ca 2+ signaling: laser-induced injury of a single astrocyte in the larva induced an increase in intracellular calcium in the injured cell, which subsequently spread into neighboring astrocytes (Movie S8). Our data taken together argue strongly that Drosophila astrocytes will prove an excellent in vivo system in which to study many fundamental aspects of astrocyte biology and astrocyteneuron interactions.
Astrocytes Are Essential for Animal Survival
We have shown that Drosophila astrocytes are critically important for animal survival. Partial ablation of mouse astrocytes during development also led to death at birth . Interestingly, astrocyte depletion by 30% in selected spinal cord domains led to atrophy and loss of neuropil and synapses. In Drosophila larvae lacking the majority of astrocytes, gross CNS morphology was surprisingly normal. Therefore, fly astrocytes may not be strictly required for neuronal survival, although (F-I 00 ) Expression of Pyr or Ths in an extremely small number of neurons using the clonal RN2-FLP system in a Df(2R)BSC25 mutant background (green). In (F) and (G) single-section confocal images are shown for the red (Gat) and blue (Brp) channels, while the green channel (RN2-FLP neurons; F 00 and G 00 ) shows z projections of the image stacks to demonstrate the position of expressing neurons.
(H-I 00 ) Cross-sectional 3D projections of a segment with Pyr (H-H 00 ) or Ths (I-I 00 ) expressing neurons. Scale bars represent 10 mm. See also Figure S6 . 
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Htl FGF Signaling Controls Astrocyte Morphogenesis earlier ablation or ablations in the adult could yield different results. Alternatively, other subtypes of CNS glia (e.g., ensheathing or cortex glia) might functionally substitute for astrocytes and promote neuronal survival. Depletion of astrocytes from large regions of the mammalian CNS did not lead to a repopulation of these zones by astrocytes from neighboring domains, suggesting that astrocytes possess a high regional specificity and low invasive behavior . However, while dramatic movement of populations of astrocytes was not observed, it is less clear whether astrocytes at the border of astrocyte-depleted regions react more locally with increased growth. Regional astrocyte ablation studies in mammals followed by the use of markers that highlight singlecell astrocyte morphology will be essential to definitively resolve these questions.
Domain Morphogenesis of Astrocytes Is Stochastic and Involves Cell-Cell Competition for Neuropil Space and Tiling Behavior
It has been proposed that astrocyte domain organization and association with specific subsets of neurons has an important role in the proper function of neuronal networks (Bushong et al., 2002; Nedergaard et al., 2003) . While Drosophila astrocytes are quite stereotyped in cell number and cell body position, the domains of the neuropil covered by astrocyte processes show variability in size and shape. It therefore seems unlikely that individual astrocytes are genetically programmed to associate with particular regions of the brain or specific synapses.
Astrocytes appear to harbor a massive growth potential but exert a strong growth-inhibiting effect on one another. First, when adjacent cells are ablated, astrocytes expand their territories while tiling where they are in contact with other astrocytes. Second, when we generated htl or dof mutant clones that failed to infiltrate the neuropil, the space adjacent to these clones was efficiently infiltrated by other astrocytes. Finally, while enhancing Htl signaling increased domain size, neighboring cells still ''tiled'' and the overlap of astrocytic domains did not increase noticeably. How tiling of astrocytes occurs remains unclear but could be accomplished through contact-dependent growth inhibition or competition for neuropil growth factors. Nevertheless, based on the multiple lines of evidence presented here, we propose that astrocyte morphology is shaped dynamically during development by neuron-astrocyte and astrocyteastrocyte interactions.
Finally, while the relative overlap of neighboring astrocytes appears to be higher in Drosophila compared to mammalian astrocytes (Bushong et al., 2002 (Bushong et al., , 2004 Ogata and Kosaka, 2002) , it is important to note from a mechanistic perspective that the size of a Drosophila astrocyte is smaller compared to mouse and that the absolute overlap of astrocyte processes in mouse and fly seem comparable. Our discovery of tiling behavior in Drosophila suggests that fly and mammalian astrocytes may share common molecular mechanisms by which neighboring cells define their territories.
The Htl Signaling Pathway Is a Key Regulator of Astrocyte Outgrowth and Cell Size Loss of the FGF receptor Htl, its ligands Pyr and Ths, or the downstream signaling molecule Dof/Stumps blocked the infiltration of astrocyte processes into the neuropil, demonstrating that the Htl signaling pathway is critical for effective astrocytic growth into the synapse-rich neuropil. The level of Htl signaling is also critically involved in the regulation cell and domain size of astrocytes, with increased Htl signaling leading to increased astrocyte volume. Our expression data, clonal analysis, and astrocyte-specific rescue experiments all indicate that Htl and Dof function autonomously in glia. Precisely where the FGF ligands Pyr and Ths are generated during development was more difficult to determine. However, based on its expression pattern and the ability to rescue astrocyte outgrowth when expressed in neurons, we propose that at least Ths is primarily derived from neurons.
Ectopic expression of Pyr or Ths away from the neuropil or astrocytic expression of a constitutively active form of Htl is able to partially restore astrocyte infiltration. These observations suggest a permissive role for the Htl signaling pathway in astroglial growth. However, expression of Pyr or Ths is also able to promote the outgrowth of ectopic astroglial branches outside of the neuropil, indicating that these ligands can provide directional cues for astrocyte outgrowth. Pyr and Ths appear different in their signaling abilities: single neuron expression revealed Pyr was unable to promote extension of astrocyte processes, while Ths drove robust astrocytic process outgrowth, suggesting that the promotion of outgrowth by Ths can act at a short range.
How can Pyr and Ths direct astrocyte process growth into the neuropil even when ectopically expressed? FGF signaling is critically dependent on heparan sulfate proteoglycans (HSPGs) in vivo (Lin et al., 1999) . Two of the four HSPGs in Drosophila, Dally-like and Syndecan, have been reported to be prominently enriched in the embryonic neuropil, where they have been shown to act in Slit-dependent axon guidance (Johnson et al., 2004; Steigemann et al., 2004) . We have confirmed expression of Sdc in the neuropil, found that ectopic Sdc expression was sufficient to redirect astrocyte membranes outside of the neuropil, and that loss of Sdc led to a defect in the ventral migration of astrocyte cell bodies and-to a lesser extent-problems in early neuropil infiltration. Based on these observations we speculate that Sdc plays a modulatory role in the development of astrocytes by concentrating the FGFs Pyr and Ths in the neuropil to drive directional infiltration even when the ligands are provided ectopically. Finally, Pyr and Ths might act redundantly with additional unidentified neuropil-restricted factors that can provide directional information for astrocytic process outgrowth.
ths null mutants showed a slight decrease in the number of astrocytes in late embryos and L3 larvae (Figures S7J and S7K), while embryonic htl AB42 mutants did not show a reduction in cell counts ( Figure S7J ). sdc mutants also showed a similar slight reduction in total cell number in L3 larvae ( Figure S7K ). These data suggest that astrocytes are generated in the embryo at normal numbers in FGF-pathway mutants but that individual cells might be outcompeted by neighbors during process outgrowth, resulting in death of individual cells. Since we are not able to uniquely identify the presumptive ventral cell among the dorsally located cells, it is not clear whether the nonmigrating presumptive ventral cells preferentially die or whether cell death is stochastic among all astrocytes. While the mechanism of such adjustment of cell numbers through cellular competition remains poorly understood, it might be based on competition for trophic factors or a more active form of cell killing by ''winning'' neighbors (Amoyel and Bach, 2014) . Our data deepen our understanding of the diverse roles FGF signaling plays in insect glial development, where FGFs have been shown to also regulate glial proliferation, survival, migration and ensheathment of axons (Avet-Rochex et al., 2012; Franzdó ttir et al., 2009; Gibson et al., 2012; Shishido et al., 1997) , and glial wrapping of FGF2-coated beads in grasshopper (Condron, 1999) .
FGF signaling has also been implicated in mammalian astrocyte development. Mammalian FGFs can act as mitogens for glial precursors and potentiate the ability of secreted factors CNTF and LIF to promote astroglial fate in neural progenitors (Kang and Song, 2010; Song and Ghosh, 2004; Vaccarino et al., 1999) . In addition, FGF application can induce maturation of astroglia in cell culture by controlling morphological stellation in two dimensions and the expression of GFAP and glutamine synthetase (Perraud et al., 1988a (Perraud et al., , 1988b Reilly et al., 1998) . FGF receptors 1-3 are expressed in astrocytes and their precursors (Cahoy et al., 2008; Ohkubo et al., 2004; Pringle et al., 2003; Reilly and Kumari, 1996) . In particular, FGFR3 is highly enriched in the radial precursor cells in the ventricular zone and immature and mature astrocytes (Cahoy et al., 2008; Pringle et al., 2003) and in FGFR3 and other FGF pathway mutants, GFAP expression in astrocytes is perturbed in vivo (Irmady et al., 2011; Pringle et al., 2003; Reuss et al., 2003) . Furthermore FGFR1/2 mutants show a reduction in GFAP-positive astrocytes in the cortex and impaired Bergmann glia morphology in the cerebellum (Smith et al., 2006; Mü ller Smith et al., 2012) . The exact roles of mammalian FGFRs and their ligands in astrocyte ramification, association with neurons and synapses, and establishment of astrocytic domain size, however, remain to be tested. Our observations of an essential requirement for FGF signaling in astrocyte development in vivo in Drosophila suggests that a detailed analysis of FGF signaling pathways in mammalian astrocyte development should prove fruitful. FGF signaling is known to be perturbed in glioma (Allerstorfer et al., 2008; Mohanan et al., 2013; Yamada et al., 2002) , and our observations of the key role for FGFs in astrocyte process outgrowth may ultimately provide insight into the highly invasive nature of glioma cells in the brain.
EXPERIMENTAL PROCEDURES
Immunohistochemistry and Confocal Analysis Larval or late stage embryonic CNSs were dissected and fixed for 25 min in PBS with 4% formaldehyde at room temperature and subsequently immunolabeled following standard procedures. The following primary antibodies were used: rabbit a-b-Gal (Promega, 1:3,000), goat a-HRP conjugated to Cy3 or Cy5 (Jackson ImmunoResearch Laboratories, 1:400), mouse a-Bruchpilot (nc82, 1:20), mouse a-Repo (8D12, 1:10), mouse-a-Prospero (MR1A, 1:150), mouse a-FasII (1D4, 1:10) all Developmental Studies Hybridoma Bank (DSHB), rabbit or mouse a-GFP (Molecular Probes) 1:400, rabbit a-RFP (Clontech) 1:200, rabbit a-Gat (this study, 1:6,000), rat a-mouse-CD8 (eBioscience) 1:200). Primary antibodies were detected with the appropriate goat secondary antibodies conjugated to FITC, Dylight488, Cy3, Cy5, or Dylight649 (Jackson ImmunoResearch). Samples were mounted in Vectashield antifade reagent (Vector Laboratories) and confocal images were obtained on an Innovative Imaging Innovations (3I) spinning-disc confocal microscope equipped with a Yokogawa CSX-X1 scan head or on a Zeiss LSM 5 Pascal.
Live Imaging
Homozygous alrm-Gal4 UAS-CD8-GFP embryos were prepared for live imaging essentially as described (Parton et al., 2010) and imaged on a 3I spinningdisc confocal microscope or on a Zeiss LSM 7 MP microscope. We genetically immobilized older animals for imaging using a myosin heavy chain mutation (mhc 1 /mhc 1 ;alrm-Gal4, UAS-CD8-GFP).
L1 larvae were immobilized by gently squeezing them under a cover glass in halocarbon oil. For laser injury experiments, L3 larvae were dissected as a filet preparation under HL-3 or HL-6 solution (1.5 mM Ca 2+ ), injured with a Micropoint laser ablation system (430 nm), and mounted on a 3I spinningdisc confocal microscope.
Gat Antibody Generation a-Gat antibodies were generated by coinjecting N-terminal (KHESIEMSKE LGHTC) and C-terminal (CLREAYAKEIEFNSL) peptides into rabbits using standard techniques (New England Peptide). Sera were subsequently immunoaffinity purified using C-and N-terminal peptides on separate columns.
Measurements of Larval Crawling Velocity L3 larvae were grown at 25 C, briefly washed in water, and starved for 10-20 min. Individual larvae were then transferred at room temperature to a 24 3 24 cm 2% agar plate and allowed to recover for 30 s before larval tracks were recorded by manually tracing the larva on a transparency film on the plate lid. Tracks were scanned and track length was measured using Fiji.
In Situ Hybridization DIG-labeled RNA antisense probes were generated by in vitro transcription (Roche) from linearized vectors pBS-ths and pJet1.2-pyrProbe2. The ths cDNA was PCR amplified from a reverse transcriptase reaction using the primers GATCGATCGCGGCCGCTTAGCCAGCGCGTTATCAC and GATCGA TCGCGGCCGCCTACGCAAATCTCTGATGAGTG and cloned into pBS using the Not I site. A 1.7 kb fragment of pyr was amplified from genomic DNA using the primers AGCTCCAAGCTTTAGCGCCTACAATCCAGTGCTG and AGCT ATCTCGAGGTTTGTCAGCAGACCACCATCG and subsequently cloned into pJet1.2 according to the manufacturer's instructions (Fermentas). In situ hybridizations were performed largely as described (Broadus and Doe, 1995) and probe detection was performed according to the manufacturer's instructions using anti-DIG-POD coupled antibodies (Roche) and the Perkin Elmer TSA-plus Fluorescein detection kit.
Generation of Transgenes
All transgenic flies were generated at BestGene or Rainbow Transgenics and a detailed description of the generation of the transgenes can be found in the Supplemental Experimental Procedures.
Drosophila Genetics
Flies were kept on a standard cornmeal agar supplemented with dry yeast at 25 C unless stated otherwise. Detailed information of the fly stocks used in this study can be found in the Supplemental Experimental Procedures.
Generation of Df(4)gat D64kb and gat
22-1
The Df(4)gat D64kb deletion chromosome was generated by FLP-FRT recombination as described (Parks et al., 2004) To isolate a more efficient repoFLP source to be used in MARCM experiments, we mobilized the initial P element insertion repoFLP 5 using D2-3 transposase and repoFLP 6-2 was selected based on its strong ability to induce glial expression when crossed to an act5C > CD2 > Gal4, UAS-CD8-Cherry stock.
MARCM Analysis and Generation of FLP-Out Clones FLP out clones were generated by using the following recombinant chromosomes: alrm-Gal4 UAS-CD8 > GFP > RFP repoFLP 5 , alrm > Gal4 > lexA::GAD repoFLP 5 and alrm > QF > Gal4 QUAS-CD8-GFP UAS-CD8-Cherry repoFLP 5 .
Crosses using alrm > QF > Gal4 QUAS-CD8-GFP UAS-CD8-Cherry repoFLP 5
were conducted at 29 C to increase expression strength. MARCM clones were generated with alrm-Gal4 UAS-CD8-GFP repoFLP ; FRT82B tubGal80 crossed to FRT82B, FRT82B htl AB42 , or FRT82B dof 1 chromosomes.
Quantification of Astrocytic Occupied Volume and Covered Area
Confocal stacks of marked astrocytes clones were segmented by manually thresholding the image in 3D and subsequently measuring the volume using Slidebook software (Innovative Imaging Innovations). Average cell volume was determined by dividing the measured volume by the number of cells in the clone. Area covered was estimated by manually outlining the area occupied by astrocytes in a maximum intensity projection along the z axis. The area was measured and divided by the number of cells in the clone.
Transmission Electron Microscopy TEM on L3 CNSs was conducted at the University of Massachusetts Medical School Electron Microscopy core facility as described in Tasdemir-Yilmaz and Freeman (2014).
Statistical Analysis
Values in the text are given as average ± SD. Error bars in graphs indicate SEM unless otherwise stated. Statistical significance was calculated with Graphpad Prism software using either two-tailed Student's t test for pairwise comparisons or one-way ANOVA with either Dunnett's or Tukey's post hoc test as appropriate for comparisons of more than two groups. All embryonic infiltration scores and ventral cell counts were analyzed in a common ANOVA with Tukey's post hoc test and results are displayed in separate graphs for clarity.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, and eight movies and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2014.06.026.
